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2 Abstract
The IceCube Neutrino Observatory detects astrophysical tau neutrinos by mea-
suring optical Cerenkov light produced from interactions in ice. A 1:1:1 ratio
between the three flavours (electron, muon, and tau) is expected but thus far,
no tau neutrinos have been detected. Within a certain energy range, a double-
pulse waveform of light is expected. In order to increase our understanding
of how lower energy tau neutrino event signals will present themselves in the
IceCube array, Monte Carlo methods were used to simulate data from tau neu-
trino events in ice by setting up an ice environment with a detector to count
the number of optical photons, from Cerenkov radiation produced by charged
particles resultant from the Charged Current vertex, that would hit the detector
over time. Each charged particle was simulated individually then a net signal
was produced showing tallies of the total luminosity. This showed that while
at 100 GeV, no double pulse is produced. This is consistent with calculations
relating the energy of the event to the time between the peaks used to establish
a lower energy threshold[5]. The first peak in the waveform indicates the initial
cascade from the event will generally be higher in luminosity in the “dead hit”
scenario.
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3 Introduction
From our current understanding of neutrino oscillations, the flux of all neutrino
flavours through the IceCube Neutrino Telescope should have a 1:1:1 ratio be-
tween the flavours, electron, muon and tau (e,µ, τ). Despite this, no astrophys-
ical tau neutrinos have been found. This paper will explore how a tau neutrino
event would present itself in the IceCube array, specifically, how a lower energy
event would present itself in a waveform of Cerenkov radiation detected, by an
individual optical sensor in the array. To do this, simulations of tau neutrino
events were generated in GENIE, then the transports of the resultant particles
were simulated in GEANT4. Outputs of histograms depicting optical photons
hitting the detector (called a ”Dynamic Optical Module” or ”DOM”) overtime
were generated and analyzed looking for relationships between the distribution
and the geometric location of events for given energies.
Figure 1: Simulated Tau Neutrino event, of energy on the order of PeVs, de-
picting signature ”double bang” topography [2]
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3.1 Background
3.1.1 Neutrinos and the IceCube array
Neutrinos are neutrally charged leptons that come to us from all around the
cosmos travelling at nearly light speed. Unlike what is predicted by the standard
model of particle physics, neutrinos are not massless, and as such, they can
oscillate between their three flavours. The probability of oscillation to a different
flavour depends on energy. At the energies observed in IceCube (above 35
TeV), we expect a 1:1:1 ratio between the flavours [3]. Neutrinos Only interact
weakly via the Z boson (neutral current events), and the W boson (charged
current events). For the purposes of this paper, we will only be discussing
Charged Current interactions. Neutrinos cannot be detected directly; they must
be detected indirectly by Cerenkov radiation. Essentially, the neutrino interacts
with a nucleus in the ice and charged particles are produced. When charged
particles travel faster that the speed of light in a medium, Cerenkov radiation is
produced in a cone of blue light. This can be thought of as light’s equivalent to a
sonic boom. The IceCube array uses ice as a medium, as its index of refraction
[8]is high enough to for Cerenkov light to be produced. The cubic kilometer
of Antarctic ice which hosts it also has the added benefit of being quite clear
as it’s been compressed from thousands of years, removing impurities. Within
the array (depicted in figure 2), there are 5,260 Dynamic Optical Modules, or
”DOMs”, which have photo multipliers that can detect the optical Cerenkov
light and output the signal.
Figure 2: The IceCube Array [6]
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3.1.2 Event Topography
Figure 3: Feynman Diagrams of each event with their corresponding topography
in the Array [9].
There are 3 main topographies seen in the IceCube array: Electron neutrinos
and all neutral current events produce cascade like events (balls of light in the
array). Muon neutrinos as well as atmospheric muons produce track like events
in the ice. In order to cut out the atmospheric muons, the earth is used like a
large filter such that upward going events can be assumed to be astrophysical
in origin (muons wouldn’t be able to make it all the way through the earth so
downward going events are cut to reduce background). the Initial interaction
with a nucleus will generally produce at least a small initial cascade along the
track. Stochastic energy losses along the track of the muon can also create a
cascade. Finally, the expected topography for a tau event would be a signature
”double bang event”, which is a distinct pattern of an initial cascade, a track
from the tau, and then a second cascade when the tau decays.
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3.1.3 The Tau Neutrino Search
Despite the expected 1:1:1 ratio between the flavours, this double bang topog-
raphy has never been found. Part of the reason for this may be that the higher
the energy the neutrino event, the less likely it will occur. An event such as seen
in figure 1 would need to be very high energy. However, the tau track length,
which would determine the distinction between the two cascades, is dependent
on the energy, so at these lower energy levels, a tau event would appear to be a
cascade. In order to find these lower energy events, it was decided that IceCube
could look at the waveforms outputted from the individual DOMs, to search
for double pulse waveforms, where the peaks would correspond to the two cas-
cades. The Double Pulse Algorithm (DPA), uses the waveforms derivatives in
order to find these waveforms that have two periods of increase and decrease
in the signal. However, in 3 years of unblinded data, the DPA only found .54
of a tau neutrino. When the unblinded data was analysed by the DPA, no tau
neutrinos were found in 3 years [4]. It was concluded that the DPA must be
missing waveforms with double pulses and a method by which to improve the
DPA’s recognition of double pulse waveforms such that it would pass more po-
tential candidates was needed (see figure 4). In order to understand how Tau
events would present themselves in these waveforms, this experiment was geared
towards simulating Tau Neutrino events in ice to produce waveforms that could
then be analysed for relationships.
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Figure 4: A) does not exhibit any features that could be passable by the DPA.
B) looks like a double pulse waveform but did not pass. C) passed the DPA as
can be seen by the red DPA flag in the image.
3.1.4 Monte Carlo Techniques
To simulate these events, two Monte Carlo techniques were employed. Monte
Carlo codes are essentially stochastic problem solvers for complicated systems
where deterministic answer can be found. The code samples probabilities in
order to produce probability distribution from which conclusions can be drawn
about the most likely outcome of an event.
9
3.2 Hypothesis
The overall topography of a tau neutrino event at higher energies should take
on a signature “double bang” shape. However, at lower energies, the distinction
between the initial cascade and the final cascade from the tau decay will be
reduced to being indistinguishable due to the energy dependence of the tau
track length. That is to say, the distance between the cascades will be much
smaller because the length of the tau track will be much shorter at lower energies
and thus, the two cascades will appear to be one. Therefore, at some angle there
will be a waveform such that there are two distinct peaks indicating an increase
in photon production where those cascades happened in time. It is hypothesised
that the peaks from the incident cascade and the tau decay will be significantly
different in peak height (luminosity) and that the time difference between these
peaks will be dependent on energy. It is the goal of this project to create
GEANT4 application to simulate tau neutrino events and construct waveforms
from the signals to determine relationships between the peaks (slopes of leading
edges, height of peaks, range of peaks, distinction between peaks, slopes of
descending edges).
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4 Methods and Materials
To generate these simulations, GENIE was used to simulate 100 tau neutrino
events. An in house Linux bash script preformed the averaging of these events
in order to get an average flux of charged particles produced along with their
average momentum vectors and their energies. GEANT4 was then used to
simulate the particle transport of each of these particles 10,000 times given
the kinematic information from GENIE. Within GEANT4, a 1 cubic meter
of ice had been placed in the environment along with a simulated DOM that
would count hits from optical photons (generated with the native G4Cerenkov
process) and output a histogram of luminosity over time[7]. An average of these
histograms for each particle were then used in MATLAB to generate line plots of
each waveform. The yield of each particle to the total event was then taken into
account to construct a net waveform. However, GENIE is not able to simulate
neutrino events at above 100 GeV so no distinction between the two cascades
resulting in a double peak waveform was expected[1]. Instead, the relationship
between the peaks was shown by overlaying the waveform contribution from the
tau with the constructed net initial cascade waveform.
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5 Results
5.1 Charged Particle Flux from Neutrino Interaction
Using GENIE, the flux of charged particles from the neutrino interaction of
a tau neutrino, with an energy of 100 GeV, was successfully acquired for 100
events and averaged. Figure 5 depicts a table of this output including the yield
of each particle, its momentum vectors, and their energies[1].
Figure 5: Charged Particle Flux from Neutrino Interaction in ice from GENIE
averaged using a bash script to obtain the statics. The momenta are in GeV/c
and the energies are in GeV.
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5.2 Monte Carlo Application Visualization
Figure 6 depicts the environment and the detector in the GEANT4 visualiser.
Individual runs of both a proton (figure 7) and a tau (figure 8), using the
information from GENIE, were performed to visually asses the validity of the
simulation. The vertex of the tau decay is seen in figure 9.
Figure 6: The simulated environment in GEANT4. Here, the ice material is
shown in the blue cube, and the simulated detector in the center.
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Figure 7: A 1.98 GeV Proton produces Cerenkov photons in a cone.
Figure 8: Here the transport of a 51.6 GeV tau is depicted.
14
Figure 9: The vertex of the tau decay in the GEANT4 visualiser
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5.3 Monte Carlo Application Calculation
10,000 events of each individual particle were run. Figures 10 through 16 depict
the averaged signal luminosity from all of the charged particles detailed in the
GENIE output. Their percent contribution to the total signal is not considered
in these figures.
Figure 10: The waveform from the 9.61 GeV AntiProton.
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Figure 11: The Waveform from the 1.98 GeV Proton.
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Figure 12: The waveform from the 6.66 GeV Pion+.
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Figure 13: The waveform from the 4.91 GeV Pion-
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Figure 14: The waveform from the 12.18 GeV Kaon+.
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Figure 15: The waveform from the 7.67 GeV Kaon-
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Figure 16: The 51.60 GeV Tau Waveform
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The yield of each particle was used to determine their contribution to the
net signal in order to construct a waveform that represents what a DOM in
IceCube would see where, like in reality, all of these particles would be producing
Cerenkov at the same time. Unfortunately, it was not yet possible to enable the
charmed lambda+ but as it’s yield was very low (.19), this is assumed to be of
little consequence to the overall signal. Once Figure 17 was produced, it became
apparent that this was not a double pulse waveform. This is consistent with the
lower energy threshold at which a double pulse can be resolved. To demonstrate
the difference between the pulse from the initial cascade and the tau decay, the
signal from the net cascade and the tau are overlaid in figure 18.
Figure 17: Here the constructed net signal waveform is shown. There is no
double pulse as the energy is two low for the peaks to be resolved.
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Figure 18: The net Cascade signal compared to the tau signal.
While a double pulse could not be produced at 100 GeV, Overlaying the
signals as seen in figure 18 demonstrates. The incident cascade resulted in a
pulse with a maximum luminosity of 5112.244, while the second pulse had a
maximum luminosity of 1935.648. Overall, the first cascade’s pulse was 2.64
times more luminous than the second cascade’s pulse.
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6 Discussion
These results may be slightly off due to a rounding error when translating the
GENIE output for implementation into GEANT4. Currently, the GEANT4
collaboration is working on a GEANIE-GEANT4 interface that will facilitate
future work in this area. GEANT4 will also need the appropriate modifications
to run Lambda particles in the future. Also, cross sections of higher energy
tau events must be imputed into GEANT4 as we could not work, with the
current information it has, with tau above 1 TeV[7]. In the future, a Monte
Carlo code capable of handling higher energies will be used to simulate the
incident neutrino event. Simulations of the other flavours will also be useful
in isolating tau events from other potential double pulse waveforms created by
non-tau events. Attempting these simulations from different orientations as well
as with a multiple DOM Scenario will also be crucial in establishing a the effect
of the geometric location of the event in the array on the waveform.
7 Conclusion
In conclusion, an application by which tau neutrinos interacting in ice can be
simulated was successfully created. From the given data, it is hard to make
conclusions about expected waveforms in regards to average luminosity of each
peak as these represent weighted sums. These indicate a large spread of potential
waveforms, which would be dependent on the actual flux for the specific event.
Even so, for events that produce a tau, it seems that they tend to have a
”broader” peak, such that the slope of the descending edge doesn’t as drastically
decrease as the other particles which contribute to the incident cascade. The
average maximum peak for the tau was 2481.6. In the next time interval, the
luminosity decreased to 2032.23. For the other particles, most of them had a
decrease in luminosity of approximately 700 to 900 in that same interval (as in
the luminosity went from around 1000 to 300 within that interval). The one
exception to this was the Kaon- but it’s overall contribution was one of the
smallest. It had the least luminous signal and has the second lowest average
yield of the considered particles. It therefore may be possible to conclude, with
further verification that the tau peak will have leading and descending slopes of
lower magnitude than that of the incident cascade. It is also apparent in this
dead hit scenario that it will be common for the first peak to be more luminous
than that of the second peak at their maximums. While the Tau was the most
luminous individual signal, the combination of the most common particles from
the incident cascade would have a high probability of resulting in a peak that
will be of an equal or higher max luminosity than that of the second peak. In
order to validate these findings, simulations will need to be carried out at higher
energies such that distinction between the two pulses can be seen.
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